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978-1-5090-6511-0/17/$31.00 ©2017 IEEE with ½ rate DVB-S2-based FEC. The LCRD payload includes two independent Optical Space Terminals (OSTs), which communicate via bi-directional optical links with the LCRD optical ground stations at Table Mountain, CA [3] and Maui, HI. Each OST consists of an Optical Module (OM) and Controller Electronics (CE) module that are both based on the successful LLCD design. However, LCRD includes a new differential-phase key shifting (DPSK) modem, the Multi-Rate Modem (MRM), with 2x the available user bandwidth of the LLCD modem [4] . LCRD also includes a Space Switching Unit (SSU), which is a Commercial Off-The-Shelf (COTS) space-qualified FPGA-based frame-layer switch that connects to the two OSTs and also to two recently-added onboard Kaband RF transceivers (up to 311 Mbps user rate each) that can route the OSTs signals through clouds to the STPSat-6 ground system at White Sands, NM. The SSU can switch, broadcast, and even loop back between the multiple communications ports and will be NASA's first communications switch and processor in space, noting that all of our current Tracking and Data Relay Satellites (TDRS) have essentially been "bent pipe", analog relays. It is also very important to note that NASA's Space Network (SN), the current operator of the Tracking and Data Relay Satellite (TDRS) constellation in GEO, will also be operating the STPSat-6 bus for AFRL and is developing the Ka-band ground station to support the RF downlinks [5] .
As of this writing, all of the modules for LCRD have been assembled and all but the MRM 2 have been environmentally tested, passed, and delivered for payload integration and test, with final shipment of the complete LCRD payload for spacecraft integration in May 2018. Photos of the OM and MRM in environmental testing are shown in Fig. 2 .
II. 2021: ILLUMA-T USER TERMINAL FOR THE ISS AND ORION EM-2 MISSIONS
NASA's current TDRS constellation is used to provide relay services from NASA users in LEO through GEO to the ground stations in White Sands, NM. For LCRD to provide similar services, a user terminal is required to close LEO-GEO links of 40,000 km or longer. NASA SCaN is developing the Integrated Lasercomm LEO User Modem AmplifierTerminal (ILLUMA-T) for such users, with an initial demonstration from the International Space Station (ISS) in early 2021. Fig. 3 shows the ILLUMA-T configuration, which is based on a new 10 cm optical module known as the Next Gen Terminal (NGT) [6] , which will again be controlled by a variant of the LCRD-based COTS Controller Electronics (CE). ILLUMA-T also includes a new, commercially-available 2.88 Gbps DPSK modem, which includes an erbium-doped highpower optical amplifier (HPOA) which can transmit up to 3 W at 1550 nm both as a beacon and for communications. The NGT uses a 2-axis gimbal but unlike the OM for LCRD, it can articulate over a large field-of-regard (360° azimuthal x 270° elevation) to allow for communications independent of the spacecraft bus orientation. It is also designed to provide fine pointing and tracking at the high gimbal slew rates required for LEO-GEO or even LEO-GND tracking.
A variant of the ILLUMA-T, using a pulse-position modulation (PPM) modem, will be used to support the Orion EM-2 mission to the Moon later in 2021. MIT Lincoln Laboratory is designing, integrating, and testing both the ILLUMA-T and Orion terminals; however, the primary components of the system are being designed and procured in US industry, with a commercially-procured flight-like Engineering Development Unit (EDU) of the NGT currently in the lab under test. Commercialization of the hardware is critical since the overall viability of this technology will require a vendor base that can supply both Government and commercial sources with the necessary hardware and software. NASA is also encouraging the use of commercial practices (rather than NASA-dictated manufacturing standards, for example) to lower costs and widen the potential industrial base. 
IEEE International Conference on Space Optical Systems and Applications (ICSOS) 2017
978-1-5090-6511-0/17/$31.00 ©2017 IEEE It is noted that NASA missions are generally very conservative and will therefore consider the use of this technology with some hesitation. In order to foster the transition from RF to optical systems, NASA's SCaN program has secured funding to procure five copies of a second iteration of the ILLUMA-T terminal that can be provided for free to NASA missions as technology demonstrations. The key to success for this technology will be in keeping the cost and user burden (size, mass, power) of the system comparable to RF systems (specifically Ka-band). In fact, leveraging the massive investments from the fiber telecommunications market may enable optical communications technology implementations to achieve significantly lower cost and user burden than RF systems.
III. 2019: 100 GBPS SPACE AND GROUND TERMINALS FOR LEO DIRECT-TO-EARTH
The short distance and corresponding range loss of a LEO link direct-to-Earth (DTE) offers an opportunity to provide extremely high bandwidth downlinks at very low cost, size, weight, and power (SWaP) [7] . Under NASA SCaN support, MIT Lincoln Laboratory is developing such a terminal that can deliver 200 Gbps downlink using only 1.9U x 1U x 1U volume (1U=10 cm). The baseline 100 Gbps modems are variants of a COTS design and current efforts are now focused on the satellite 2.5 TB memory and controller which must be read at similar data rates. A demonstration flight is planned on the NASA Space Technology Mission Directorate (STMD) Pathfinder 3 CubeSat in mid-2019 and it is expected to demonstrate downloads of the entire data buffer on a single pass. While the initial demonstration may use existing NASA optical ground stations, there are also plans to develop low-cost optical ground stations to support such rates to be specifically co-located at mission data storage facilities or even commercial data centers to reduce the recurring monthly charges for ground-based fiber backhaul. The ground system can be built at low cost because it leverages COTS components, not only for the astronomical telescope and dome but also for the preamplified receiver and modem. However, because it is lowcost, it is important to point out that it is not designed to support pulse-position-modulated (PPM) signals from deep space missions beyond GEO (such as Orion at the Moon) since it will not deploy a cryogenically-cooled (~ 1 K) photoncounting receiver, which is generally required for such distances.
IV. BEYOND LCRD: NASA'S NEXT GENERATION RELAY AND USER TERMINALS FOR 2024
LCRD will be NASA's pathfinder for integrating laser communications into our current operational Space Network over the course of several years. NASA will use this experience to design and refine our plans for the Next Generation Relay (NGR) system, first to complement our current TDRS services in 2025 and then replace them as we transition NASA high-rate data services in the optical regime.
The proposed NGR constellation in GEO is shown in Fig. 4 and initially will consist of two spacecraft nodes with 10 Gbps user service links and 100 Gbps downlinks and crosslinks, 
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978-1-5090-6511-0/17/$31.00 ©2017 IEEE which leverage the 100G technologies demonstrated in NASA's 2019 CubeSat mission. One node will fly over the continental US (CONUS) while the other will be stationed outside of CONUS, which will provide constant, low-latency, near-global contact for NASA missions in LEO. Like the current TDRS system, it will primarily be a "hub-and-spoke" architecture where the local node or hub provides up to 10 Gbps services to many users (or "spokes") within its field of view. Unlike the current TDRS, which acts as a pure "bent pipe" relay that amplifies and redirects analog RF user waveforms to the ground, NGR will be a purely digital relay with onboard frame-layer switching and multiplexing so that user traffic will be digitally multiplexed onto 100 Gbps Spaceto-Ground Links (SGLs) or crosslinks, leveraging NASA's HIDRA architecture [8] . The high-bandwidth crosslinks will eliminate the need for high-bandwidth ground stations outside of the US, allowing all OCONUS traffic to be backhauled to an optical station over CONUS. Like the current TDRS, the primary user cases focus on high-bandwidth data return links with much lower data rate forward links (<10 Gbps) to minimize decoding in space. The NGR HIDRA switch will also support the DTN store-and-forward function with a large integrated solid state recorder (SSR), and port-to-port routing leveraging an Ethernet frame switch.
The NGR 10G user service will be compliant with the new CCSDS standard being developed with CNES, JAXA, and NICT, but will also maintain backward compatibility with the current LCRD modulation, coding and synchronization format (which supports user links down to 2 Mbps) via a softwaredefined modem. The new GEO relay terminal is based on a larger 20 cm optical module (Fig. 5 ) that gracefully scales from the current modular 10 cm NGT design of the ILLUMA-T user terminal; the 6 dB increase in aperture gain, in combination with a 20 W space-qualified HPOA, is required to support the 100 Gbps downlinks and crosslinks and also the 10 Gbps links to 10 cm ILLUMA-T users in LEO and below. The 20 cm NGT on the NGR could also support 2.88 Gbps links from the Moon using a similar terminal.
V. NASA'S DEEP SPACE OPTICAL COMMUNICATIONS PROJECT
NASA's Jet Propulsion Laboratory (JPL) continues development of the Deep Space Optical Communications (DSOC) system, which is now manifested to fly as a demonstration on NASA's Discovery mission to the asteroid Psyche in 2022 as illustrated in Fig. 6 [9] . NASA's Space Technology Mission Directorate (STMD) and Science Mission Directorate (SMD) are supporting the development and flight accommodation of the DSOC space terminal while the author's Space Communication and Navigation (SCaN) is supporting development and operation of the DSOC ground terminal.
The body-pointed 22 cm DSOC space terminal will implement the newly-developed CCSDS High Photon Efficiency standard for pulse-position modulation (PPM) [10] to deliver 125 Mbps at 40 Mkm while demonstrating new technologies such as kilowatt-class uplink beams (serving both as a beacon and low-rate communications link) from the ground, a photon-counting detector array on the spacecraft to centroid and lock on to that uplink beam for pointing, and inertially-stabilized platforms that provide an order-ofmagnitude improvement in stable beam pointing (as compared to LLCD and LCRD) with similarly larger point-ahead angles for the downlink beam.
The baseline plan for the Optical Ground Station (OGS) is to use the 5 meter diameter Hale telescope on Mount Palomar near San Diego, CA with a 320 micron diameter Superconducting Nanowire Detector Array (SNDA) newly developed by NASA JPL [11] . However, JPL is also investigating an RF/optical "hybrid" solution where spherical optical mirrors would be arrayed within the inner diameter of a Deep Space Network (DSN) 34 meter diameter RF antenna [12] . Each mirror would be co-aligned to incoherently add their collected signal on the focal plane optics and receiver that is mounted to the RF secondary reflector structure. Initial experiments have been very promising and demonstrate both the exquisite blind pointing capability and stability of the underlying 34 m antenna mount [13] . NASA SCaN is now considering an array of such mirrors with the effective collecting aperture equivalent to an 8 meter diameter single mirror; such a large aperture could support 125 Mbps downlinks from Mars at opposition (64 Mkm).
VI. CONCLUSION
NASA continues to provide strong support to the Space Communications and Navigation (SCaN) Program's optical communications efforts in both the near-Earth and deep space regimes. NASA Headquarters and the executing centers at GSFC, JPL, and MIT-LL continue to work together and with US industry and international partners to develop the technologies and commercial ecosystem required to make freespace optical communications both complementary and competitive with the current operational communications solutions both in RF and also terrestrial and undersea fiber telecommunications. 
